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Abstract
Synchrophasors allow fast, synchronized measurements of the power grid and have the
potential to serve power system applications more effectively. Synchrophasor data may
allow analyzing subareas of the system without need for access to outer area information.
This thesis focuses on implementing the area angle concept on subareas of networks
for various power system tasks. First, we show the ability to decouple a subnetwork
using only the area’s synchrophasor measurements and superposition. Next we present
a line outage detection algorithm within an area for both islanding and non-islanding
cases. Finally, we discuss defining area angles for meaningful analysis of a power system,
particularly for areas in the WECC system.
1Chapter 1
Introduction
The development of phasor measurement unit (PMU) technology presents new possibil-
ities for the power grid and challenges for research. The PMU technology gives fast,
synchronized measurements coordinated over the entire power system. Faster data al-
lows more effective analysis of power systems and could significantly improve operation.
However, the ways in which PMU data can be used to achieve this are still being estab-
lished. PMU measurements can be used to detect and record events over the entire power
grid, calibrate dynamic models, detect and quantify slow oscillations, and augment state
estimation [1].
There have been studies showing that the phase angle difference between two buses
can be used to give a measure of the stress between the buses [2]. Such measurements,
however, are generally affected by changes across the entire system and may not give
indications of changes in the state of the system that are easy to interpret.
This thesis focusses on applying PMU measurements that are in a particular area or
subnetwork of the grid. The effects of the rest of the grid are taken into account by PMU
measurements at all the tie lines around the border of the area, but the algorithms to
process the measurements can work with only a model of the area. The motivation is that
utilities and other organizations are commonly responsible for only one area of the power
system and they have better access to information about their own area and the com-
putations can be more practical for an area rather than the entire interconnected power
system. Many of the opportunities for advanced applications of PMU measurements
involve both the measurements and power system models.
The new concept of angles across areas of power systems [3] presents another potential
tool for utilizing PMU data for power system monitoring and control. The area angle
2is a metric of stress across a specifically defined area and may enable several practical
applications in the near future. An area of the system is determined by a choice of border
buses at all the tie lines to the area. The area is reduced to an equivalent area made only
of border buses so as to then combine weighted bus angles to produce a measure of the
angle across the area. There has also been discussion of combining phasor voltage angles
by weighting bus angles based on the sensitivity of each bus [4].
This thesis focuses on the implementation of the area angles and related area concepts
in power systems to monitor and detect line outages and associated changes in stress
across areas. The approach is mainly through developing algorithms based on the area
equations and analyzing computer models of power systems.
It is advantageous to adapt power grid algorithms using PMU measurements so that
they can work on power system areas. Chapter 2 discusses implementing the area angle
concept where only an area (subnetwork) of a system is observable. This chapter illus-
trates how to process PMU measurements in such an area by in effect decoupling it from
the rest of the system using border measurements. The processed measurements can be
used to determine if phasor angle changes are due to line outages inside the area or not.
Chapter 3 presents an algorithm adapting a line-outage prediction algorithm devel-
oped by Tate and Overbye [5] for an entire network to work in an area of the power
system. The method uses only the PMU measurements inside the area. The algorithm
also furthers the previous work by allowing the prediction of line outages which disconnect
the system into separate islands.
Finally Chapter 4 defines areas for analyzing area stress in a fairly detailed model
of the WECC Western grid interconnection. A simulation of events for the San Diego
blackout of September 2011 is used for exploring the changes in stress as the outages
proceed.
3Chapter 2
Applying synchrophasor computations
to a specific area
There are good opportunities for calculations that combine synchrophasor measurements
with power system models. However, in large interconnections, it is often convenient
for utilities to maintain network models only for their own area. Using superposition,
calculations using models and synchrophasor measurements at all the border buses of an
area of a power system can be used to effectively decouple the area from the rest of the
power system. We illustrate the decoupling for a line outage detection algorithm.
2.1 Area decoupling by superposition
We denote the area of interest by R, and first account for the effect of the rest of the
network on R by a vector of power injections P intor into R at all the border buses of R
that have tie lines connecting R to the rest of the network. For each border bus of R,
the corresponding entry of the vector P intor is the sum of real power flows of the tie lines
that are incident on that border bus. For each interior bus of R, the corresponding entry
of the vector P intor is zero. We write P
R
r for the real power injections (generation or load)
at buses inside R. Then the total power injections at area buses are PRr + P
into
r . Write
θr for the voltage angles at buses inside R, and B
R
rr for the susceptance matrix of area R
considered as a stand-alone network. Then the DC load flow for area R is
BRrrθr = P
R
r + P
into
r (2.1)
4Let θintor be the part of the angles corresponding to the tie line power flows so that
P intor = B
R
rrθ
into
r (2.2)
Let θRr be the part of the angles corresponding to the power injections inside R so that
PRr = B
R
rrθ
R. We call θRr the internal voltage angles for area R. We use a common angle
reference for all angles. Then
θr = θ
into
r + θ
R
r (2.3)
To summarize, superposition enabled by the linearity of the DC load flow implies that
area R angles θr are the sum of internal angles θ
R
r due to the power injections inside R
and angles θintor due to the power flows into R along the tie lines. Then (2.1) may be
rewritten as
PRr = B
R
rr(θr − θintor ) = BRrrθRr (2.4)
The internal angles θRr = θr − θintor are obtained by adjusting the area angles θr by
subtracting θintor . Equation (2.4) shows that the internal angles θ
R
r satisfy the DC load
flow equation of the area R as if area R were a stand-alone area separated from the rest
of the network.
An alternative derivation of (2.4) starts from the DC load flow of the entire network.
Write θr and Pr respectively for the voltage angles and real power injections at buses
outside R. Order the buses so that the area buses R are first. Then the DC load flow
5P = Bθ for the entire network isPRr
Pr
 =
Brr Brr
Brr Brr

θr
θr
 . (2.5)
The powers flowing into R along the tie lines are
P intor =
∑
j∈r
(−Brj)(θj − θr) = −Brrθr + diag{Brr1}θr
Here 1 is a column vector of all ones. The first block row of (2.5) may be rewritten as
PRr = B
R
rrθr − P intor (2.6)
where BRrr = Brr + diag{Brr1} is the susceptance matrix for the area R considered as a
stand-alone network. (BRrr is different than the submatrix Brr of the susceptance matrix
for the entire network, because the diagonal entries of BRrr do not include the tie line
susceptances.) Then (2.2) can be used to rewrite (2.6) as (2.4).
2.2 Measurements to get area internal angles
We suppose that the following are available:
• Synchrophasor measurements θs of voltage angles at some buses inside area R (θs
is a vector that is some of the components of θr).
• Synchrophasor measurements of the entering currents and voltages at all the tie
lines joining to area R buses. This yields the powers P intor entering the border buses
of R along all the tie lines.
• Area susceptance matrix BRrr. This is easily calculated from the current topology [5].
6Then the internal voltage phasor angles θRs at the buses measured with synchrophasors
can be computed as follows:
1. Obtain θintor from (2.2). θ
into
s is some components of θ
into
r .
2. Obtain internal angles θRs using θ
R
s = θs− θintos . This equation corresponds to some
of the components of (2.3).
2.3 Tate and Overbye’s method of line outage detection
It is useful to detect and locate transmission line outages with synchrophasor measure-
ments. The information can confirm topology changes available from the traditional,
slower SCADA and state estimation methods and provide the fast topology updates
needed for other synchrophasor applications. Tate and Overbye [5] describe a method to
detect and locate line outages in an entire network interconnection using synchrophasor
measurements and a DC load flow model of the entire network. They model the effect of a
line outage by a change ∆P in power injections that consists of equal and opposite power
injections at the ends of the line. The change in bus voltage angles ∆θ corresponding to
the line outage is computed from the DC load flow
∆P = B∆θ (2.7)
The effect of each line outage on ∆θ is computed at the synchrophasor buses, and com-
pared to the observed changes in synchrophasor voltage angle measurements. The line
that outaged is identified as the line with the computed effect closest to that observed.
Applying Tate and Overbye’s method to a large interconnection requires maintaining a
large DC load flow model and discriminating among many possible line outages, so here
we show how to simply adapt the method to a given area within the interconnection.
72.4 Example: applying Tate and Overbye’s method to an area
Fig. 2.1 shows an example of an area R in the 39 bus New England test system (network
data are given in [3]). Bus 32 serves as the reference bus. There are synchrophasor
voltage measurements at area border buses 4,8,14 and at buses 12,32 inside the area.
There are synchrophasor measurements of the currents in the area tie lines 8–9, 4–3,
14–15. Assume that a change in voltage angles is detected, and that differences in the
measurements before and after the change are obtained [5]. In particular, the change
in the measured voltage angles ∆θs and the change in the tie line powers ∆P
into
r can
be obtained. The corresponding change ∆θintor in area angles can be calculated using
∆P intor = B
R
rr∆θ
into
r . The changes in the internal voltage angles at the measured buses
are computed using ∆θRs = ∆θs − ∆θintos . Then Tate and Overbye’s method compares
the internal angle changes ∆θRs from measurements with the internal angle changes for
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Figure 2.1: An area R consisting of buses with thicker circles or squares 4, 5, 6, 7, 8, 10, 11,
12, 13, 14, 31, 32 in the 39 bus New England test system. Border buses 4, 8, 14 are shown
with squares.
8each line computed using for (2.7) the incremental version of (2.4):
∆PRr = B
R
rr∆θ
R
r (2.8)
Table 2.1 shows how the base case angles θs at synchrophasor buses split into internal
angles θRs and angles θ
into
s due to the tie line flows. A line outage inside the area such as
10-11 causes changes in internal angles that can be used in Tate and Overbye’s method.
Table 2.1 also shows that a line outage outside area R such as 2-3 leads to changes in
area angles θs, but the internal angles θ
R
s do not change. In general, line outages or
power redispatches outside the area do not affect the area power injections Pr and there-
fore, according to (2.4), the internal angles θRs do not change. Thus changes or not in
internal angles can be used to detect whether the line outage occurs inside the area or not.
base case line 10-11 out line 2-3 out
bus θs θ
into
s θ
R
s ∆θs ∆θ
R
s ∆θs ∆θ
R
s
4 -11.68 0.37 -12.23 -3.62 -3.68 -0.59 0
8 -12.66 0.21 -12.87 -5.21 -5.40 0.63 0
12 -8.35 0.01 -8.36 -3.70 -3.70 0 0
14 -9.91 0.06 -9.98 -2.20 -2.07 -0.23 0
32 0 0 0 0 0 0 0
all angles in degrees
Table 2.1: Area angles
2.5 Conclusion
We show how to compute from synchrophasor measurements internal voltage angles that
only respond to changes inside the area and correspond to models of the area that are
effectively decoupled from the rest of the network. We illustrate the use of the internal
voltage angles by applying Tate and Overbye’s line outage algorithm to an area. The
9method will be particularly useful when utilities or ISOs in large interconnections restrict
their attention to network models and phasor measurements for only their own area. The
results show the value of making phasor measurements at all the tie lines of an an area.
According to [3], phasor measurements at all the tie lines also enable area stress angles
to be calculated.
Our example of the decoupling uses voltage angles and a DC power flow. However,
since the decoupling depends only on linear circuit laws, we emphasize that exactly
similar results apply to complex voltages and currents in an AC load flow model [3].
That is, we can compute from synchrophasor measurements internal complex voltages
V Rr = Vr − V intor , where V intor correspond to complex current injections I intor along the
area ties lines according to I intor = YrrV
into
r , where Yrr is the complex admittance matrix
of the area.
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Chapter 3
Locating line outages in a specific area of a power
system with synchrophasors
We detect the location of line outages inside a specific area of the power system from
synchrophasor measurements at the border of the area and inside the area. We process
the area synchrophasor measurements using a DC load flow model of the area. The
processed measurements do not respond to line trips or power redispatches outside the
area. The method extends previous methods that locate line trips in an entire network
so that they work in a particular area and also deals with cases of islanding. The method
will be particularly useful when utilities or ISOs in large interconnections restrict their
attention to network models and phasor measurements for only their own area.
3.1 Introduction
It is useful to detect and locate transmission line outages with synchrophasor measure-
ments. The information can confirm topology changes available from the traditional,
slower SCADA and state estimation methods and provide fast topology updates needed
for other synchrophasor applications.
Tate and Overbye [5] give a method of detecting and locating line outages in an
entire network interconnection by processing synchrophasor observations in an entire
power grid. Edge detection methods are applied to detect changes in synchrophasor
angles that exceed a threshold. The synchrophasor measurements are filtered to retain
the changes in the steady state angle but suppress the settling transient that follows the
line outage. Once a change in synchrophasor angles is detected and calculated, Tate
and Overbye then give an algorithm to locate the line outage by comparing the observed
11
change in angles to the changes in angle for all the possible line outages computed using
a DC load flow model of the entire network.
For this paper, we assume that changes in synchrophasor angles are available using
the detection and filtering methods in Tate and Overbye [5], and show how to adapt their
line outage location method to an area within the interconnection with synchrophasor
measurements inside the area and around the border of the area. The border measure-
ments are used to decouple the area from the rest of the network so that the method
detects whether the line outage occurs within the area and then locates a line outage
within the area using a DC load flow model of the area. The motivation is that it is
often convenient for utilities to maintain network models only for their own area, and
line outage detection algorithms can work better if there are fewer candidate line outage
to choose from. Our approach also confirms whether the line outage occurred inside the
monitored area or not, giving a useful discrimination of the source of changes in the
power system.
Line outage detection is more complicated in cases in which the line outage islands
the system because the rebalancing of generation in the areas needs to be taken into
account. We extend Tate and Overbye’s method to accommodate islanding.
This paper begins with a review of the method established by Tate and Overbye,
then discusses implementing the algorithm to a reduced area of the network for both
non-islanding and islanding cases, and finishes with a simple example illustrating the
concepts of the method.
3.2 Review of Tate and Overbye’s method
We review Tate and Overbye’s method [5] of using observed changes in synchrophasor
measurements to estimate the most likely line outages. The method is based on the DC
load flow model, and
12
B∆θ = ∆P, (3.1)
where ∆P is a vector of the change in real power injection at each bus after the line
outage, B is the susceptance matrix, and ∆θ is a vector of the changes in voltage phasor
angle at each bus after the line outage. We note that in the DC load flow model, a line
outage can be simulated as equal, but opposite power injections at the ends of the line so
long as the system stays connected after the line outage [6]. (Modeling the line outage as
power injections in a network with unchanged lines avoids the inconvenient recalculation
of the susceptance matrix with the line removed.) Following a line outage, a change in
the phasor angles is expected. A vector proportional to this change in angles is calculated
for every possible line outage and compared to the observed change in angles. Since the
synchrophasors are only at some of the buses, only some of the angle changes are known.
The vector of the observed bus angles is θobs and the vector of calculated (predicted)
angles is θcalc. To relate the observed bus angles to all the buses, we introduce the matrix
K = [IMxM 0Mx(N-M)] (3.2)
where N is the number of buses in the system and M is the number of buses observed
with synchrophasors. Then
θobs = Kθ (3.3)
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Since a line outage can be modeled by equal and opposite power injections at the buses
at each end of the line [5], the form of ∆P for the outage of a line l is1
∆Pcalc,l =

0
P˜l
0
−P˜l
0

← start bus
← end bus
. (3.4)
The power injection P˜l is related to the pre-outage flow Pl on line l according to
P˜l =
−Pl
1 + PTDFl,lto−lfrom
. (3.5)
PTDFl,lto−lfrom is the power transfer distribution factor giving the increment in real power
on the line when 1 MW is injected at the “to” bus of line l and –1 MW is injected at the
“from” bus of line l. It can be shown [6] that the injections P˜l make the powers entering
the “to” bus from lines other than line l sum to zero and the powers entering the “from”
bus from lines other than line l sum to zero, and hence have the same effect as removing
line l. We will see that the following calculation does not depend on the value of P˜l or
the value of Pl.
10 is a column vector of all zeros with the number of components chosen to fit the context.
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We now calculate based on (3.1) the change in the angle θcalc,l for the outage of line l
∆θcalc,l = KB
−1∆Pcalc,l
= P˜lKB
−1

0
1
0
−1
0

= P˜l∆θ˜calc,l (3.6)
Here it is convenient to write B−1∆Pcalc,l for the solution ∆θ to ∆Pcalc,l = B∆θ. One
approach is to solve ∆Pcalc,l = B∆θ using the generalized inverse of matrix B [7]. We do
not need to calculate the constant Pl as we can compare versions of ∆θobs and ∆θ˜calc,l that
are normalized to unit length. That is, we compare ∆̂θobs and ∆̂θ˜calc,l, where xˆ = x/‖x‖.
This implies that we do not need to know the actual power flows on the line nor the
actual power injections representing the line outage that are in our predictions, because
only the system’s structure will determine the vector shape. We seek to compute the
magnitude of error between the shapes of the calculated and observed vectors. This
corresponds to the least geometric distance in the vector space of angle changes called
the Normalized Angle Distance (NAD). The NAD between vectors of angle changes a
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and b has the following definition2:
NAD =
 ‖aˆ− bˆ‖, a · b ≥ 0‖aˆ+ bˆ‖, a · b < 0. (3.7)
The NAD between the normalized computed line changes and the normalized observed
angle changes is computed for every line in the system. The line outage with the lowest
NAD is the one with the lowest error and hence the predicted line outage. We note that
the calculation above assumes that the system stays connected. It is possible that an line
outage could island the system. The most common case occurs when a generator supplies
the rest of the grid through a single line. If this line outages, then the generator bus
forms one island and the rest of the grid forms the other island. Different calculations
are needed for islanding cases as discussed in discussed in Section 3.3.2
3.3 Reduction to specified area
Tate and Overbye’s method applies to the entire network. We now consider implementing
the algorithm from the point of view of specified area of the system, where only that part
of the system is observed. This fits the perspective of an entity such as a utility or
balancing authority, which has control over only part of a larger system. The observable
area must take into account the effects from other areas it connects to. Here we assume
no knowledge of outside areas except measuring the power flows in the tie lines connecting
2This definition reformulates and simplifies the definition of [5] using the following result: For real
vectors a and b, the sign of a · b determines the minimum of ‖a+ b‖ and ‖a− b‖. Namely
Min {‖a+ b‖, ‖a− b‖} =
{ ‖a− b‖, a · b ≥ 0
‖a+ b‖, a · b < 0
The result can easily be proved by noting that
‖a+ b‖2 − ‖a− b‖2 = (a+ b) · (a+ b)− (a− b) · (a− b) = 4a · b
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the outside areas to the observed area. In order to illustrate the method, we make the
following simplifying assumptions
• only synchrophasor data from the area is available
• there was only one line outage
• power flows of all tie lines to the area are observable
• all of the area is connected (i.e. not multiple islands) before the outage
With these assumptions, we aim to model the area as if it was isolated from the rest of
the network.
The DC load flow (3.1) gives a linear relationship between changes of angles and
changes of power injections. Hence we can relate the changes in phasor angles using
a superposition of the relevant power injections. The area’s observed change in phasor
angles after a line outage, ∆θobs, can be broken into two components:
∆θobs = ∆θarea + ∆θinto. (3.8)
Here ∆θarea is the change in phasor angles due to system changes within the specified
area assuming the area was isolated, and ∆θinto is the change in phasor angles due to
changes in power flow into the specified area through its tie lines. ∆θobs is obtained from
the synchrophasor measurements observed before and after the outage.
Since we observe all tie line flows, we also have the change in power flows into the
area. We view these changes as power injections at the border buses. Pinto is the vector
of power injections representing the tie line flows into the area, which is only non-zero at
border buses. Following the structure of (3.1), we have
∆θinto = B
−1∆Pinto. (3.9)
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Note that even if there is no generation redispatch and the net power flow into the area
remains the same, a line outage will generally change the power flow distribution in the
tie lines. These changes in power flows into the area will affect phasors throughout the
area. In order to recognize the angle changes only due to the area’s line outage, ∆θinto
is subtracted, leaving only the changes within the area
∆θarea = ∆θobs −∆θinto. (3.10)
Removing the effects of the change in power flows into the area allows us to treat the
observed area as an isolated area without need of information from inside the neighboring
areas.
It is convenient to express all the angles relative to the same reference bus in the
area, and the reference bus should be one of the area buses with phasor measurements.
In reference-shifting, a constant value is added to the angles such that the reference bus
is at zero. It follows that changes in angles at the reference bus are also zero, and that
the corresponding component of all the vectors of angle changes in (3.10) will be zero.
The same basic steps are followed for all tested line outages, but there are differences
in the calculations depending on whether the tested outage is non-islanding or islanding.
Thus, we must first evaluate if a particular line outage would island the area. This is
done by removing the line from the set of lines in the area and analyzing the buses that
remain connected. Each set of connected buses is a separate island. If there is more
than one such set of connected buses, that means the area has disconnected into separate
islands after the line outage.
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3.3.1 Non-islanding outage
We begin with non-islanding outages. As the system stays connected, there is no gener-
ation redispatch. The outaged line’s removal from the system is the only change within
the area itself. The angles change only due to removing the line, and we compute ∆θoutage
as
∆θoutage = ∆θarea (3.11)
where we know ∆θarea from (3.10).
As discussed in section 3.2, the outages are modeled using equal and opposite power
injections. Following (3.6), ∆θ˜calc,l is
∆θ˜calc,l = KB
−1

0
1
0
−1
0

(3.12)
We define reference-shifting as
θ¯ = θ − θref (3.13)
where θref is the value of the angle at the reference bus of vector θ.
We express all angles with respect to the same reference bus which is one of the
buses in the area with phasor measurements. After reference-shifting, the normalized
vectors are used to compare the shape of the calculated angle change vector to that of
the observed angle change vector.
We compare the reference-shifted, normalized angles to get the NAD for each line l
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in the area
NADl =
 ‖∆
ˆ¯θoutage −∆ˆ˜¯θcalc,l‖, ∆θ¯outage ·∆¯˜θcalc,l ≥ 0
‖∆ˆ¯θoutage + ∆ˆ˜¯θcalc,l‖, ∆θ¯outage ·∆¯˜θcalc,l < 0
(3.14)
3.3.2 Islanding outage
Since the area is assumed to be initially connected, a single line outage islanding the area
must produce exactly two islands, I1 and I2. The islanding line must be the only line
which connects I1 and I2.
The method is more complicated when a line outage islands the area, and a different
approach to modeling the line outage is needed. To accurately estimate the change in
the bus phase angles in such a case, two factors must be taken into account
Redispatch: The islanding line outage generally results in an imbalance in generation
and load in each island. If there is no load shed, the steady-state reached after the
outage must have resolved these imbalances by generation redispatch.
Island Referencing: Due to the islanding, buses on the two islands can vary indepen-
dently, but the bus phase angles are still related to each other within each island
and a reference bus for each island is needed.
To estimate the correct angle relations for an islanding outage we determine the redis-
patch effects and then shift the angles according to each island’s reference.
We note that the islanding considered here is islanding of the area considered sepa-
rately from the entire network. When the area is islanded, it is possible that the entire
network is islanded or that the entire network remains connected. If the entire network
remains connected, the generation is not redispatched because the generation imbalance
in the islands is supplied from the rest of the network through the area tie lines.
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Line outage modeling
The islanding case cannot model the line outage using the method of the connected
case [8,9]. (Since the islanding line l must be the only line which connects the two areas,
its power transfer distribution factor for the equal and opposite power injections at the
ends of the line is PTDFl,lto−lfrom = −1 and the required power injection P˜l in (3.5)
becomes infinite.)
When the line outages, there are three components to the changes in the overall power
balance in each island. First, there is the change in tie line flows, ∆Pinto, as previously
discussed. Secondly, the outage of the line changes the overall island power balance by
the amount of power flow on the line Pl, requiring a redispatch of that magnitude in
each island. We refer to this portion of the redispatch as ∆Poutage. Lastly, the change
in the net power entering each island along the tie lines creates an additional imbalance
requiring another component of generation redispatch, ∆Pin. These three elements make
up the power injections to model an islanding line outage in the subnetwork:
∆P = ∆Pinto + ∆Poutage + ∆Pin. (3.15)
The rest of the subsection specifies ∆Poutage and ∆Pin in more detail.
We write ∆p1 for the total change in the power entering island 1 and ∆p2 for the
total change in the power entering island 2; these are calculated by summing the power
flows entering each island along tie lines:
∆pI =
∑
j in border of island I
∆Pinto,j, I = 1, 2. (3.16)
It is convenient in the explanation that follows to assume that the orientation of line
l is chosen so that the “from” bus of line l is in area 2. Before the islanding outage, the
islanding line has power flow Pl that is transferring power from area 2 to area 1. After
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the line outage, there is a deficit of power Pl − ∆p1 in area 1 and a surplus of power
Pl + ∆p2 in area 2. To reach steady state, there must be power redispatch in each area
to restore balance. Let g1 be the total generation in island 1 and g2 the total generation
in island 2. Then the required changes in total generation in each island are
∆g1 = Pl −∆p1 (3.17)
∆g2 = −Pl −∆p2, (3.18)
Implementing the generation redispatch will balance the power flow in each island. More-
over, in the network model of the area that includes the outaged line, the generator redis-
patch causes the line flow to be zero. And the powers entering the “to” bus of line l from
the lines of island 1 sum to zero and the powers entering the “from” bus of line l from
the lines of island 2 sum to zero. Thus the redispatch correctly models the effect of the
islanding line outage inside each island. However, the islands are no longer synchronized,
and differences between an angle in one island and an angle in the other island is not well
defined. This problem is addressed below by choosing angle references in each island.
To implement the redispatch in each island, it is both necessary and part of the model-
ing to define the participation of the generators in each island. Any specific participation
can be assumed, but here for definiteness we assume that the generators in each island
participate in the redispatch in proportion to their generation. Then, recalling that the
total generation in island I is gI , the participation of each area bus in the redispatch is
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given in the vector γ, where
(γ)i =
(generation at bus i)/g1, bus i a generator in island 1
−(generation at bus i)/g2, bus i a generator in island 2
0 otherwise
(3.19)
Let ∆~g be the vector with entries ∆g1 corresponding to the buses of island 1 and −∆g2
corresponding to the buses of island 2.
(∆~g)i =
 ∆g1, bus i in island 1−∆g2, bus i in island 2 (3.20)
It is now notationally convenient to reorder the buses so that the buses in island 1 come
first. Then3
∆~g =
 ∆g11
−∆g21
 (3.21)
and
γ =
 γ1
−γ2
 . (3.22)
Then the power injections that specify the redispatch in the area buses are ∆Parea where
∆Parea =
 ∆g1γ1
−∆g2γ2
 = ∆Pin + ∆Poutage (3.23)
31 is a column vector of all ones with the number of components chosen to fit the context.
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where
∆Poutage = Plγ (3.24)
and
∆Pin = −
∆p1γ1
∆p2γ2
 . (3.25)
Redispatch
Now we turn to the actual algorithm to detect the line outage in this case, first addressing
the redispatch aspect of the outage. We turn again to (3.8), reformulating it similarly to
the division in (3.23)
∆θobs = ∆θarea + ∆θinto
= ∆θin + ∆θoutage + ∆θinto. (3.26)
∆θoutage is the change in area angles due to power imbalance directly caused by the line
outage. ∆θinto is known from the tie line power changes using (3.9). ∆Pin is known by
summing the tie line power changes to obtain ∆p, and then ∆θin = KB
−1∆Pin. We
rearrange (3.26) to express the desired angle change component in terms of the changes
in angles that can be obtained from the measurements.
∆θoutage = ∆θobs −∆θinto −∆θin
= ∆θobs −KB−1(∆Pinto + ∆Pin) (3.27)
∆θoutage is to be compared to the calculated results from the line topology.
We write ∆Pcalc,l for the calculated change in power injections directly caused by the
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outage of line l so that ∆Pcalc,l = ∆Poutage as given in (3.24). We use (3.24) to reformulate
(3.6) for the islanding case
∆θcalc,l = KB
−1∆Pcalc,l = PlKB−1γcalc,l (3.28)
which gives us
∆θ˜calc,l = KB
−1γcalc,l. (3.29)
Island referencing
∆θoutage and ∆θ˜calc,l must now be appropriately reference-shifted to compare their shapes.
∆θ˜calc,l cannot be used exactly the same same way as the connected network case because
the islands are decoupled. The phases of one island may shift with respect to the phases
of the other island while maintaining their proper relation between phases within each
island. Such shifts affect the normalization of overall system. To avoid any such shift
between the observed angles and the calculated angles, we assign a reference bus for each
island and express each angle in the area with respect to the reference bus angle for its
island. We indicate the shifting of the angles with respect to the appropriate reference
by an overbar:
(θ¯)i =
 θi − θ
ref
1 , bus i in island 1
θi − θref2 , bus i in island 2
(3.30)
where θrefI is the reference bus angle of island I. The shifting of (3.30) is applied to ∆θcalc,l
and ∆θoutage. Then the NAD of the outage of islanding line l can be calculated as
NADl =
 ‖∆
ˆ¯θoutage −∆ˆ˜¯θcalc,l‖, ∆θ¯outage ·∆¯˜θcalc,l ≥ 0
‖∆ˆ¯θoutage + ∆ˆ˜¯θcalc,l‖, ∆θ¯outage ·∆¯˜θcalc,l < 0
(3.31)
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3.3.3 Example
We test the implementation of the algorithm with computer calculations using Mathe-
matica. A reduced New England system DC load flow model with 39 buses is used as
illustrated in Fig. 3.1. The bolded area in the figure is selected for study due to the differ-
ent categories of line outages available within the area. We illustrate the dependency of
the algorithm on the synchrophasor bus selection by fixing the number of synchrophasors
in the area to 5 and comparing the results of two selections of sets of 5 synchrophasors.
Figure 3.1: Reduced New England System Model
1 2 3
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The results of the algorithm in simulations of all 14 possible line outages within the
area are listed in Table 3.1. For synchrophasor Set 1, we have synchrophasors at buses
4, 8, 14, 31, and 32. With this synchrophasor set, the algorithm specified the exact
line outage for every line except lines 6-7, 7-8, 12-11, and 12-13. With synchrophasor
Set 2 that has synchrophasors at 4, 8, 14, 12, and 32, we have the same results as the
synchrophasor Set 1 except that the ambiguities for the outage of lines 12-11 and 12-13
disappear, while gaining an ambiguity for the outage of 31-6.
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Table 3.1: Predicted Outage According to synchrophasor Buses
Outage synchrophasor Bus Set 1: synchrophasor Bus Set 2:
4, 8, 14, 31, 32 4, 8, 14, 12, 32
4-5 4-5 4-5
4-14 4-14 4-14
5-6 5-6 5-6
5-8 5-8 5-8
6-7 6-7, 7-8 6-7, 7-8
6-11 6-11 6-11
7-8 6-7, 7-8 6-7, 7-8
10-11 10-11 10-11
10-13 10-13 10-13
13-14 13-14 13-14
31-6 31-6 31-6, 10-32
10-32 10-32 10-32
12-11 12-11, 12-13 12-11
12-13 12-11, 12-13 12-13
To explain the ambiguities, we begin by focusing on the difference between the results
of the synchrophasor sets. By simply moving a synchrophasor from bus 31 to bus 12,
we remove ambiguity from two line outage cases and added an ambiguity to one line
outage case. For the observed area, there are only two generator buses, 31 and 32, and
they are both at the end of radial lines. The outage of one the radial lines will island
generation, necessitating the redispatch of the other. From the point of view of the rest
of the system, the loss of one of these radial lines will be a power loss where it connected
to the rest of the system, but there will also be a power injection at the connection of the
other radial line due to the redispatch of the other generator to make up for the power
loss.
The outage of a radial line will cause the bus at the end of it to become a disconnected
island with one isolated bus. Only the differences in phasor angles between buses in an
island have value, hence a lone phasor angle gives no information about that island and
we can detect no error from it. However, if we have a synchrophasor at the other radial
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line’s bus, we can detect the error from the redispatch as it will generally not fit the
redispatch if it were disconnected from the system. This is why synchrophasor Set 2,
which has no synchrophasor at bus 31, cannot detect the error from the outage of line
31-6.
The ambiguity between lines 12-11 and 12-13 for synchrophasor Set 1 is due to the
lines being in series. Viewing a line outage as a pair of equal and opposite power injections
at the ends of the line, we see that a line outage of either 12-11 or 12-13 will be a pair of
such power injections between the series pair of lines between buses 11 and 13. From the
point of view of the system outside the two lines, these power injections will be equivalent
to power injections at the ends of the two lines at buses 11 and 13. This is because the
pair of lines has a set load which is balanced before the outage with a certain power flow
from outside the pair of lines. After the pair of injections are added, the system outside
the pair of lines is still balanced with the same flows as before, but is now superimposed
on the flows from the added pair of injections from the two lines in series.
The magnitude of the power injections may differ depending on the line, but because
they are equal and opposite, they have proportional effects from the point of view of the
system outside the pair of lines. Hence, synchrophasor Set 1 cannot distinguish between
the outage of line 12-11 and the outage of line 12-13. On the other hand, synchrophasor
Set 2 has a synchrophasor at bus 12 within the series of lines, which allows the algorithm
to distinguish the change in angles within the pair of lines. Note that the ambiguity of
lines 6-7 and 7-8 is of the same type.
3.4 Conclusions
It is often convenient and pragmatic to work with models and measurements within a
specific power system area inside a larger grid interconnection. We have shown how
synchrophasor measurements of voltage and current around the border of an area can be
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used together with synchrophasor voltage measurements inside the area and a DC load
flow model of the area to detect single line outages in the area and discriminate which line
outaged. The method extends Tate and Overbye’s method of line outage identification [5]
to apply to a specific area.
We also give a way to model the effect of line outages that island the area, since the
usual modeling of line outages by power injections at the ends of the line does not work
for the islanding case. Hence we are able to also discriminate these islanding line outages
with synchrophasor measurements.
29
Chapter 4
Examples of voltages across areas in WECC
After briefly overviewing the concept of a voltage angle across an area of a power system,
we illustrate defining voltage angles across several areas of WECC using a DC load flow
WECC model. The voltage angle across an area indicates the stress on an area. One of
the examples shows the stress measured by the voltage angle across an area increasing
as some of the events of the September 2011 San Diego blackout occur. The remaining
examples focus on areas concerning the California-Oregon Intertie.
4.0.1 Angle across an area
The concept of the voltage angle across a power system area is new and is described in
detail in [3]. Here we give a brief overview of the voltage angle across an area.
In a DC load flow of an area of a power system, the voltage phasor angle across an
area can be defined by suitably combining voltage angles at buses on the border of the
area. For example, to get the angle difference north-south across an area, a weighted
combination of angles at buses on the southern tie lines are subtracted from a weighted
combination of angles at buses on the northern tie lines.1
The angle across an area is a generalization of the angle difference at two buses. The
angle across an area is useful because it summarizes the circuit behavior of the area. In
particular, the angle across the area satisfies the basic circuit law so that the effective
power flow through the area is the product of the angle across the area and the effective
susceptance of the area.
The angle across an area seems promising for power system monitoring, and here
1Note that when defining the angle across the area, it is required to include all ties lines all the way
around the border of the area (otherwise power flows can “escape” without being tracked), so the tie
lines must all be grouped into one of the two “sides” of the area.
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we are most interested in their application to quantify stress across an area. The stress
interpretation of the area angle works in the same way that the angle across a single
transmission line indicates the transmission line stress. It is hypothesized that the limits
on area angles may usefully capture in a bulk measure some of the salient limits within
the area.
Unlike the angle difference at two buses, which is related to power flows in all parts
of the network, the angle across an area describes the stress that the particular area is
experiencing due to power flows both inside and through the area. Indeed the total angle
across the area θˆab can be decomposed into an “internal” angle θˆ
R
ab due to generation and
load inside the area and an “external” angle θˆintoab that is due to power flow through the
area from the rest of the power system.
θˆab = θˆ
R
ab + θˆ
into
ab (4.1)
The internal angle θˆintoab is useful because it only responds to changes inside the area.
The presence or absence of changes in θˆintoab discriminates whether events occur inside or
outside the area.
4.0.2 Simple example
Fig. 4.1 shows a simple example of a power system area with border buses 31,32,39,4,14.
The rest of the network is not shown in Fig. 4.1. We define the angle θˆab across the area
from buses 31, 32 to buses 39,4,14. In the base case for this power system, θˆab = 10.07
degrees, the power flow through the area is Pab = 9.825 pu and the area equivalent
susceptance is bab = 55.88 pu.
In this case, the angle across the area is calculated as the following weighted combi-
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Figure 4.1: A power system area to show the angle across the area from buses 31, 32 to
buses 39,4,14. The area angle can be thought of as the angle across the single transmission
line a-b shown that is a reduced equivalent of the area.
nation of the angles at the border buses:
θˆab = 0.4587θ31 + 0.5413θ32 − 0.0863θ39 − 0.4167θ4 − 0.4970θ14 (4.2)
The angle across the area can be easily computed from synchrophasor measurements of
the voltages at the border buses of the area.
4.1 Southern California area
4.1.1 Methodology overview
This section discusses using area angles for the analysis of events on the WECC system
which parallels some of the major events leading up to the San Diego area blackout
of September 2011. The calculations were done using Mathematica on a DC load flow
model of WECC with 1,553 buses and 2,114 lines as shown in Fig. 4.2. Note that
Fig. 4.2 is drawn automatically based only on the topological structure of the WECC
model and does not follow exact geographic relations, though there may be some rough
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correspondence of areas of the figure with geographic locations. A few buses are labeled
to give a sense of location for parts of the system that are relatively near.
We examine the impact of three major events that occurred during the progression
of the cascading failure that lead to the blackout. In chronological order, the events are
1) the trip of the 500 kV Hassayampa-North Gila line, 2) the loss of 420 MW from La
Rosita unit trips (modeled with a redispatch at Rinaldi to keep balance), and 3) the trip
of the San Onofre Nuclear Generating Station (SONGS). Due to the compounding effects
of the events on the structure of the system, we cannot analyze the effects of each event
separately. Thus we look at the four cases
1. Prior the events (normal state)
2. After Hassayampa-North Gila trip
3. After La Rosita generation loss
4. After SONGS trip
The events accumulate as the cases progress. For example, after the La Rosita generation
loss the system has both the Hassayampa-North Gila line outaged and the La Rosita
generation loss.
The system stress is analyzed using area angles as the events occur. Four different
areas are chosen based on the structure of the southern California system and different
aspects of the system are observed.
The four areas are chosen to measure the following stresses:
1. The east-west stress between SONGS and Imperial Valley
2. Stress from SONGS to major generation towards the east side of the southern
California area
33
SONGS
Imperial Valley
Vincent
Hassayampa
Malin
Taft
Custer
Reno
Figure 4.2: WECC model
34
3. The north-south stress from SONGS and Imperial Valley to buses of major load in
Mexico
4. Stress funneling through SONGS from North Los Angeles down through SONGS
to Imperial Valley
Each area is defined by two groups of buses, one group on each “side” of the area,
which are referred to as the area’s “border” sets, though the buses need not all be on the
borders of the area. We refer to these border sets as M1 and M2, and the area angle is
the angle across the area from M1 to M2. The four areas are defined with the following
bus sets:
1. M1: SONGS
M2: Imperial Valley
2. M1: SONGS
M2: Imperial Valley, Mexicali, La Rosita, CTY, CPT, CPD
3. M1: SONGS, Imperial Valley
M2: MEP, RUB, CIP, Tijuana, Mexicali, CPD, CTY, CRO
4. M1: Vincent, Lugo, Victorville, Adelanto, Devers, Mirage
M2: Imperial Valley
The four areas and their border sets are shown in Figure 4.3. The buses in the border
sets are indicated by the arrows, with black arrows for M1 and white arrows for M2.
4.1.2 Results
The area angle of each of the four areas is calculated after each of the four events. An
exception is that the Area 4 angle after event 4 cannot be calculated because the area
angle cannot be applied to an area containing disconnected parts [3]. The results display
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Figure 4.3: Southern California areas. Area border buses are shown as triangles.
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the total area angle θˆA and its two components, the external angle θˆ
into
A and internal
angle θˆRA. The formulas for computing these area angles are given in [3].
Two subtables are shown for each area in Tables 4.1–4.4. Subtable (a) lists the angles
after each of the 4 events and Subtable (b) shows the change in angles after each event.
Table 4.1: Area 1 (in degrees)
(a) Angle Values
1. Before 2. Trip N.Gila-Hassa. 3. Trip LaRosita 4. Trip SONGS
θˆA1 -13.06 11.10 18.44 -28.93
θˆintoA1 -23.41 0.7563 4.712 7.370
θˆRA1 10.35 10.34 13.73 -36.30
(b) Angle Changes
1.→2. 2.→3. 3.→ 4.
∆θˆA1 24.16 7.345 -47.38
∆θˆintoA1 24.17 3.956 2.657
∆θˆRA1 -0.005901 3.389 -50.03
Table 4.2: Area 2 (in degrees)
(a) Angle Values
1. Before 2. Trip N.Gila-Hassa. 3. Trip LaRosita 4. Trip SONGS
θˆA2 -12.82 11.09 18.94 -29.37
θˆintoA2 -23.15 0.7478 4.660 7.345
θˆRA2 10.33 10.35 14.28 -36.72
(b) Angle Changes
1.→2. 2.→3. 3.→4.
∆θˆA2 23.91 7.845 -48.31
∆θˆintoA2 23.90 3.912 2.685
∆θˆRA2 0.01125 3.933 -50.99
Beginning with Area 1, we notice that each event causes significant changes to the
area angle θˆA, but the change is extremely large after the islanding when SONGS trips,
indicating a tremendous change in the east-west stress between SONGS and Imperial
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Table 4.3: Area 3 (in degrees)
(a) Angle Values
1. Before 2. Trip N.Gila-Hassa. 3. Trip LaRosita 4. Trip SONGS
θˆA3 5.116 5.116 6.890 0.7862
θˆintoA3 -1.116 -1.116 0.06437 -0.7459
θˆRA3 6.232 6.232 6.826 1.532
(b) Angle Changes
1.→2. 2.→3. 3.→4.
∆θˆA3 0 1.774 -6.104
∆θˆintoA3 0 1.181 -0.8103
∆θˆRA3 0 0.5936 -5.294
Table 4.4: Area 4 (in degrees)
(a) Angle Values
1. Before 2. Trip N.Gila-Hassayampa 3. Trip LaRosita
θˆA4 -5.275 31.24 42.51
θˆintoA4 110.9 147.4 147.3
θˆRA4 -116.2 -116.1 -104.8
(b) Angle Changes
1.→2. 2.→3.
∆θˆA4 36.52 11.27
∆θˆintoA4 36.42 0
∆θˆRA4 0.09124 11.27
Valley. In Area 2, the change in angles mirror those of Area 1 after the first and second
events. The final event has somewhat different components of the angle, but they sum
up to give a total change in area angle that is very similar to that of Area 1.
Area 2 is also an east-west area angle and though it includes additional buses from
the South, the area angle change is the same as Area 1. Area 3 gives no change for the
first event. The other two events are similar to the previous two, but with significantly
smaller angle change magnitudes. All three areas seem to indicate an increase in the
stress in one direction followed by a much bigger reversal after SONGS trips.
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The area angle patterns of Areas 1-3 indicate an east-west oriented stress in the areas
surrounding San Diego. The addition of buses in Mexico to the eastern border of Area 1
to form Area 2 had essentially no effect on the overall angle. The contributions of the
more southern buses in Mexico seem to have been far outweighed by the components
between SONGS and Imperial Valley so that the overall angle remained about the same.
Area 3 showed no change for the trip of the N.Gila-Hassayampa line and smaller angle
change magnitudes than Areas 1 and 2. The smaller sensitivity of Area 3 indicates that
the events have a much smaller effect on the north-south stress of the system than on
the east-west stress of the system.
Area 4 is larger than Areas 1, 2 and 3. It includes not only San Diego and North Baja,
but also Los Angeles. The idea behind Area 4’s definition is to include the stress north
of SONGS. Though the northern border is defined very differently from the other area,
Area 4’s angle changes follow a pattern similar to those of Areas 1, 2 and 3 except with
larger magnitudes. This indicates the stress through the SONGS area of the network was
heavily influenced by the events.
Table 4.5: Percent Changes in θˆA
Area 1.→ 2. 2.→ 3.
1 185.0 66.18
2 186.6 70.72
3 0 34.69
4 692.3 36.07
The change in values may be less significant for area angles that are larger i. e. the
angle changes may be relatively small compared to the base angle value. To ascertain
whether the angle changes are significant, we look at the magnitude of percent change of
the area angles for the trip of the N.Gila-Hassayampa line and the loss of generation at
La Rosita. We see in Table 4.5 that the patterns are similar to the those of the magnitude
of angle change, except that the La Rosita trip is more sensitive to Areas 1 and 2 than
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Area 4. This may be due to the fact that the La Rosita generation loss was made up at
Rinaldi, which is included within Area 4 but outside the other areas.
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4.2 Areas North and South of COI
We consider defining areas to analyze the areas related to the California-Oregon Intertie
(COI). After defining areas north and south of the COI,we compute the angles across
these areas for the base case and with a contingency condition. Setting up these areas in
the fairly detailed WECC model2 will be very useful in further work applying the area
angles.
4.2.1 Area North of COI
The northern area is roughly the power transmission grid within the Washington and
Oregon state borders. The north/east border (Border A) is made up of Custer W.,
Boundary, Lancaster, Rathdrum, Benewah, Benewah-Taft, Dworshak-Taft, Brownlee,
Burns-Midpoint, and Hiltop buses. The south border (Border B) is made up of Captain
Jack and Malin buses. The different borders are indicated with separate colors in the
the electrical network in Figure 4.4.
The weights of the angles of each border bus used to compute the area angle are given
in Table 4.6. In the base case, the area angle from Border A to Border B and its internal
and external components are
θˆab = 36.4
◦
θˆintoab = 24.2
◦
θˆRab = 12.3
◦
With the outage of line between Summer L. and Burns-Summer 1, the area stress
2One detail is that the sign of the susceptance for a section of the Dworshak-Taft line of this model was
changed from negative to positive. Negative line susceptances can lead to bus weights of sign opposite
to those expected in the formula for the area angle. A negative susceptance is non-physical, but arises
in the model reduction process that was used to obtain the 1553 bus model. A more detailed WECC
model would have positive susceptances for all lines.
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Figure 4.4: North of COI area electric network
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Table 4.6: Border bus weighting in North of COI area angle
Border Bus Name Weight
Hiltop 0.124
Burns-Midpoint 1 0.220
Brownlee 0.055
Dworshak-Taft 1 0.129
Border A Benewah 0.036
Benewah-Taft 1 0.185
Rathdrum 0.010
Lancaster 0.008
Boundary 0.006
Custer W. 0.227
Captain Jack -0.362
Border B Malin -0.638
increases and the area angles become
θˆab,out = 45.6
◦
θˆintoab,out = 30.2
◦
θˆRab,out = 15.4
◦
The positive area angle indicates a stress from the area’s northeastern border to its
southern border. This is what we would predict due to the large amount of generation of
Canada and light load in the northeastern part of the area versus the large load towards
the Bay Area. Also, the loss of the line increases the area stress as expected.
The positive external angle is positive due to the power flowing into the northern
border from Canada’s generation and power flowing out of the southern border to the
Bay Area load. The positive internal angle may be largely due to the major loads of
Seattle to Portland being so far from the area’s eastern border. The internal angle is
expected to be reduced due to Seattle’s proximity to the northern border, but nearly all
the border buses are on the eastern edge as clear from Figure 4.4.
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4.2.2 Area South of COI
The southern area is roughly California from the Oregon border down to just north of
the Los Angeles area. The northern border (Border A) is made up of buses Captain Jack
and Malin. The area’s southern border (Border B) made up of buses Midway-Vincent
2a, Midway-Vincent 2b, Midway-Vincent 3. The different borders are indicated with
separate colors in the electrical network in Figure 4.5.
Table 4.7: Border bus weighting in South of COI area angle
Border Bus Name Weight
Captain Jack 0.345
Border A Malin 0.654
Midway-Vincent 2a -0.322
Border B Midway-Vincent 2b -0.322
Vincent -0.354
The weights of the angles of each border bus used to compute the area angle are given
in Table 4.7. In the base case, the area angle from Border A to Border B and its internal
and external components are
θˆab = 34.8
◦
θˆintoab = 52.7
◦
θˆRab = −17.9◦
With the outage of line between Midway and Midway-Vincent 1, the area stress
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Figure 4.5: South of COI area electric network
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increases and the area angles become
θˆab,out = 40.7
◦
θˆintoab,out = 59.1
◦
θˆRab,out = −18.4◦
The area’s angle indicates a north-south stress. This makes intuitive sense as Northern
California’s hydro generation adds to the large powerflow entering from the northern
border. The power is expected to flow down towards the Bay Area load. Generation
south of the Bay Area, mainly at the nuclear plant Diablo Canyon can contribute to
supplying both the Bay Area and Los Angeles loads. Just as in the area north of the
COI, the line loss increases the area’s stress as predicted.
The external angle is easily understood based on the powerflow from the generation
from the north coming in through Northern California power lines as well as the powerflow
leaving the area’s southern border to supply Los Angeles. For the internal angle, we
recognize that the major load of the Bay Area is towards the center of the area and
would not be thought to favor either border, in and of itself. Most of the hydro is
towards the northern portion of the area, but hydro generation is small compared that
of the nuclear plant. Diablo Canyon is anticipated to send power towards Los Angeles
but it seems that its component supplying the Bay Area dominates the internal angle.
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